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During V/-.7I and V/'/II the nosraibility of a shortage
of steel plate caused the U.S. Government to contract for
ships made from reinforced concrete (l). These ships "-ere
generally satisfactory for their purpose but were considered
to be only teuipro"\ry in nature because of the limited
mechanical properties of the reinforced concrete "'hen
compared to the requirements for sturdy long lasting marine
construction. .'/ork originally performed by the Italian
Architect P.L.- Uervi md expanded by numerous investigators
in the past two decades indicates that the structural req-
urimen's of marine construction can b~ approached in Port-
land cement concrete by the use of closely spaced aire mesh
and/or chopped wire fiber as reinforcement. This material
is commonly called "fer "o-cement" and its use in marine
construction hrs been increasing as evidenced by the numb r
of boat builders from England to Communist China which ere
involved in constructing marine barges, trawlers and house-
boats from the material. Ferro-cement has particular applic-
ation in countries where steel is scarce and labor is an
excess commodity
The important mechanical properties required of a materi
for marine cons true ';ion arc:
1) High tensile, comp? %essive rid sh< r strength.
2) High fracture tou ' - and impact resistance.
8

3) Lo~ r density,
4) Good fatigue and jo " creep characteristics.
5) High modulus of elasticity.
6) Deterministic and predictable mechanical properties.
The economic and durable properties required of marine
structural materials are:
1) Low cost.
2) Easy to fabricate and handle.
3) Easy to repair.
4) Low maintenance requirement.
5) High resistance to corrosion, abrasion and attack
from the marine environment .
6) Waterproof.
7) High fire resistance.
8) Cosmetic appeal.
Ferro-cement possesses most of the above economic and
durable properties. In addition, some of these properties
can be altered in the material by the use of additives,
especially in the areas of fire resistance, cosmetic appeal
a^d resistance to attack from marine environment.
Plain Portland cement concrete is weak in the above
mechanical properties and this represents the primary
limitation on its use in marine construction. However, th<
addition of closely spaced aire reinforc- b in the form
of mesh or fiVr can increase the above mechanical pr Lies




Bomualdi (9) (10) has sh en ho- this increases the modulus
of rupture of Portland cement concrete. This has be*-n
substantiated "by other investigators (6) (8) (15) (25).
McKesmy (27), Collins (26) and Mandel (11) have shown
that tensile strength of concrete is increased by closely
spaced st^el reinforcement. 3-?.iley (21) and Sand"1.;: (18)
have shorn that steel fibrous reinforcement enhances the
fatigue characteristics of Portland cenent concrete.
Rormaldi (17) h~s also shoai that steel fibrous reinforcement
increases the fracture toughness and resistance to impulsive
loa ding of Portl 'rul cement concrete. This has been sub-
stantiated by Williamson (14) (19). Investigators hive
found that mesh reinforcement does not appear to alter the
compressive strength of Portland cement concrete (25) but
fibrous reinforcement improves it somewhat (14) (19)
.
These results depend on the method of loading but it is
obvious that the more ranc'om nature of the fibrous reinforce-
ment would provide a creator stiffness in all directions
(2 9 ) and thus delay compressive failure of the concrete.
A recent summary of the engineering properties found by
various investigators for ir:esh ^.ncl fibrous reinforced
ferro-c ement, is contained in reference (28) by the author,
True trro-phase behivior of the material hns been found
in most experimental work. It would appear from the above
research th t ferro-c ' can be an ace
for marine construction. From the practical side, the
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present level of "boat building activity using the material
and the number of successful boats points toward more
widespread future use "or marine application. Jbe full
capability of the material his not been utiliz-d as
evidenced by son- of the startling results obtained by
Collins (25) and BomuaLdi (17). Balancing this, there is
also a relatively wide scattering of data regarding the
engineering properties (23). Regardless of these limitat-
ions, ferro-cement is being used in marine construction
and some form of approximate design technique is required to
aid the marine engineer. An esaeciRll"" aeak area is the
bending of plates since most of the experimental data
available de-Is with th-r bending of beams or standard
experimental tests for determining the material properties.
Since a major portion of marine structures consist of plate
construction a plate design technique for this material
with experimental verification would be particularly useful.




-+• f-cch-Ti sn o f Fracture in an ffM sto -Plastic Laterial
Failure of a material under tensile loading normally
occurs through propagation of a crack through the material
normal to the axis of loading, A mechanism explaining this
behavior has been advanced by Griffith (30) using an
energy balance concept. Griffith postulated that the change
in total energy occuring as the result of a crack passing
through a material is:
AW » AT -AU (1)
where: A !7 - Change in total energy of material
AT = Change in surface energy
AM - Change in elastic strain energy
Griffith calculated the decrease in strain energy due to
formation of a line crack of length 2C and of unit thickness
to be:
AM - Trc2 o a (l-v zJ f .£A U - — plain strain C2aJ
A U = -HJ^_5
—
Diane stress (2b)
He calculated the resulting increase in surface ener
TDer unit thickness as:
AT- 4|fc (?)
v/here X - specific surface energy required for for-
mation of a unit aren of surface.
12

Griffith's hypothesis was that the crack would begin to
propagate unstably if: (AW)
(e.g. "-hen the rate of change of incremental strain and
surface energy changes were . equal) , This results in the
criterion:
(4)
Irwin (4) has indicated that a modification to the
Griffith theory should be made to allow for plastic work
in a material prior to fracture. This modification would
take the form:
2(Y-*-Vn/p ) - JL^HL
2
; plane stress (5a)
^t+^p) - plane strain (5b)
Irwin has also developed a theory of rupture by
considering the stress field in the immediate vicinity
of the crack tip. His theory mades use of analytic 1
stress functions to describe the stress field ahead of
the crack and a stress intensity factor (K) to indicate
the stress at the tip of the crack. The deer in
strain energy of the material due to formation of a unit
13

crack length is relat< d to the stress intensity factor
(K) by:
c/Cau) tt K z
Jc ' £ (6)
Comparison of this equation to the Griffith criterion shows
that:
K= crV c (7)
Ir^in defines the strain energy release rate as:
,- _ tt K
2




When the crack becomes unstable, the strain energy release
rate (S) at this point is designated the critical strain
energy release rate (G c ). Irwin suggests that this is a
property of the material.
B. Mechanism of Fracture In Perro- Cement
As developed above it can be seen th it a material
may be made more resistant to fracture by decre-sin^: th^
strain energy release rate below the critical value:
G < Gc
This can be accomplished by:
a) Incre .r;ina~ the modulus of elasticity G).
b) Reducing the anplied stress (°~)
.
c) Reducing the flaw or crac'- size.
14

Unfortunately increasing the modulus of elasticity I Dve
certain maximum limits is not normally possible in un-
reinforced Portland cement concrete. Reduction of the
applied stress defeats the goal of efficient use of
material. Reduction of flaw size is sometimes difficult
under present production methods and is bounded by the
naturally occuring flaws in concrete which are on the
order of the critical flaw size for tensile stress of
200-400 psi. Some success has been obtained by Moavenzadeh
(et al) (24) in increasing the tensile strength of cement
mortar by addition of strong s ind and other aggregate
causing cracks to detour thus increasing the crack path.
Substantial side cracking occurs along the main crack
thus increasing the crack length and adding to the
surface energy. This enhances the material toughness and
increases of up to 10$ in tensile strength can be obtained
in this manner.
However, fracture toughness and tensile strength of
the material can also be enhanced if some mechanism could
be found which would reduce the stress at the flaw tin,
thereby reducing the stress intensity factor (K) below th it
which causes the critical strain energy release rite.
The use of closely snaced discontinuous or continuous
wire reinforcement c nil d aid in reducing the stress co:
tmtion at the crack tip. Horlaul d i - I bhers (9) (10) Ol)
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mechanism postulated by Romualdi is that of a line crack
traversing through a material (fig. (1)) being stop:
-
by the "pinching" action of the shear bond between
the wire reinforcement and the mortar. The stress (strain)
ahead of the crack is greater than the average stress
(strain) in the material and reinforcement. Thus, assuming
a shear bond exists between mortar and wire, the requirement
for continuity between mortar and wire at the bond inter-
face will cause the rare to assume much of the stress or
essentially cause a "pinching off" of the crack. This
action reduces the stress intensity factor (K) or strain
energy release rite (G) below the critical value (&c)
required for unstable propagation of the crack.
The effect of wire reinforcement continues even when
the crack has pissed by the wire. As the shear bond is
overcome, irrecoverable work is done either "stripping"
of the wire out of the mortar or, if the shear bond is
stronger, necking and ductile fracture of the wire. Thus,
by this mechanism not only can the strain energy release
rate (G-) be reduced below the critic"! value (G-c ) due
to reduction of stress at the crack tip, but prevention
of brittle fracture in the material occurs because of the
work of wire "stripping" and/or ductile fracture.
Romualdi has postulated the following formula for
the critical strain energy relc e rat d on the •..
required to initiate stri ping of th< wire fr r;
17

(din continuous wire reinforcement)
£. _ frb rr d L <* (9)
4>*
where ^-j, - shear hond strength
ex = ratio of cr ck width to length at ^iven point
V = average wire spacing
l - length of wire
d = di^n^ter of v/ire
He further derived from statistical consi derations
a formula for the average v/ire spicin r;:
X 13.8 d (10)
where \A = volume percent of reinforcement.
Komauldi's experiments is well as others (23) have
shown that the fracture toughness is a very strong function
of wire sp icing which would tend to bear out his formulation
of (G-c ). However, much work remains to be done in the area
of the bond strength and its affect on (G c ).
0. Bending of Plates
As pointed out previously ferro-ceraent uni"1 ,:.' concrete,
possesses the capability for plastic as well as elastic
behavior by means of the bond between the reinforcing
material and the mortar.
Any design technique would necessarily consider both
phases of this behavior. Because of the orthol
18

of the material it is also natural to consider numerical
techniques for use as an accurate design method. ang
(29) has developed a finite element computer program for
the elasto-plastic analysis of orthotropic plates and
shells. This program will be used vith input of experi-
mentally obtained orthotropic properties, to determine its
feasibility is a design method for elasto-plastic plate
bending of ferro-cement. The computer output will be
compared with experimental results of three basic forms
of the material:
Series A: Continuous wire mrsh reinforcement, where it
is expected that the x and y axes are symmetric-!! -
variation of properties occurs in the' direction 45
degrees to these axes. The approach will
consider the input of equivalent composite
properties.
Series B: Combination of continuous v;ire mesh and short
random fiber reinforcement.
Series 0: Short random fiber reinforcement, where it is
expected bhat the materi-..l is isotropic in the
x y plane bit orthotropic in the x z and y z
planes. The approach -7111 consider input of
composite properties.
1 • Ortbo troni c 0- 'ntive Relations
Ferro-crriont is basically orthotropic in n rtien
19

considered in the geometry of plates. ./ith mesh reinforced
ferro-c cnent, the layers of mesh are orthotropic in their
plane thereby creating a three dimensional brthotropic
material, ./ith fibrous reinforced ferro-cement, the random
nature of the fibers causes the mat ri al to approach the
isotropic condition in the plane of the plate but remain
orthotropic normal to the plane of the plate,
Jayne andSuddarth (31) give the constitutive (Hookian)
relationships in matrix forn for 3-dimensional orthotropic
materials. 'These relations imply that the specific
directional properties of the material must be knov.ai in order
to formulate a design method for such a material. The























It should be noted that these constitutive relations
apply to a specific material. In this work a combination
of two materials, s !;eri and cement mortar, is under
consideration. -he hypothesis is that the combination
of these materials results in a new material which has
properties that follow the theory of fiberous composites
(34). As such the material can be treated using the above
constitutive relations in arriving at a plate bending theory
and composite properties may be used as input to this
theory.
2 . Elastic PI ate .Bending
The basic different! il equilibrium equation for pure
bending of plates is:*o
A/ „ a*w ?„ _ i < 12 >
it* + 2 dx*d>' + dy +
where: w = displacement normal to plane of plate
q 1 o • • c1 i n jj/unit area
B - flexural rigidity of plate
Timoshenko (32) has developed the theory for elastic
bending of plates ,;nd shells of homogeneous isotropic





\z (i- v %)
For the general case of bending of simply s 'ted











m = i »\= L
(14)
where: ra - odd
n - odd
a and b are dimensions of plate sid
This has bren specialized for partial Ion ding fcr the
case of a concentrated lo id (P) at the center of a square
plate (fig. 2) as:
mtrx (15)




where: 0< = solution to the infinite series for x - a/2
The displacement along the y axis is found by in t ere' .. -
ing x with y in the 'above expression.
The bending moments along the x and y axis c •








"'=-*(& -"&)d*z bS I (17)
">=-»( fr - w &)
and the stresses can "be found from the basic flexural
relations:
6_Wx rr 6 /A>crx *^ c y .A/^a_ (18)
The bending moments and stress in the vicinity of a
concentrated load (fig. 2) are not satisfactory if calcul-
ated using the above equation. They must be found using
superposition of moments from bending of a centrally loaded
rectangular plate and bending of a centrally loaded circular
plate of radius 2a sin TL£ .
The solution for the mom ant along the x axis o"° the
rectangular plate is:
TTC/, p




where: r = \/y2 * C* - O*
#, = numerical factor depending on ratio of sides
of plate.
The solution for the moments near the center of a centrally
loaded circular ulate is:
i
L_/i+^ i OQ .A. ^.n-v) ±JL (20)/»^ = Z_(l+v) Lo^ -a- -hU
^-rr r*
Assuming the circul-r pin te is of radius 2a sin "^/^ , then
ir
near the center of the plate the two solutions are identical
p
except for the uniform bending term #, x^ • *ne solution
for the moment at the center of a circle of radius (a)
v/here P is no~: uniformly distributed over an area of radius
(e) is:
M zH(ltV)l^- +i) (2D
Siinernosin^ the constant additional moment of X —
frori the rectangular plate the expression for the
noment at the center of the rectangular plate becomes:
= ±J(,+v) Log ^Lii-i^L. \
4-tr V
> tr e y 4- 7T




Hon for anisotropic materials in piano stress such
as bending of ferro-cement plates the basic differential
eouilibrium ecru ition becomes:










O-v 1 ) 12.
Exact solutions have been obtained by Timoshenko for the
case of a uniformly loaded plate and by Ruber (33) for
concentrated loads in the elastic range. However, since
the purpose of this paper is to investigate also the plastic
behavior of the material, numerical methods are better
suited to carry out tho analysis.
The inclusion of membrane stress in the elastic bendin







^ x* ^ y*
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0* w I <*/
4.
where ? is a stress function satisfying the elemental
equilibrium equations for normal forces (N) and is
defined as:
"> = jVM nv = fV1 ) Mxv -- 4V- (25)
The general solution to the above equation is not
known, therefore numerical techniques must he utilized
to find 77, ? and subsequently the normal forces, moments
and stresses.
3 . Plastic Plate Bending
Prandtl-Reuss Plastic Plow Rule
Figure 3 shows the stress strain curve for an elasto
plastic material. rVfc the onset of plastic yielding the
relation between plastic strains and stresses can he
descrihed by the following plastic flow rule:
Perfectly plastic material
d> = Positive constant
d
€
= dA S7f dt - Incremental - 1 ic (26)
sti




Stress- 3train Curve For E]
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S trai a h a r d e n i r g m 1 1eri al
.
#>
, d* = h(dZ\ 5P)





Usin?; the distortional energy concept of the popular
Huber--.~ises yield criterion the yield function (f) can be
expressed as:
_2
2_f=£o- = (cr1 -c^)+ (cr2 -^) + ( cr3 - cr, ) (23)
The relation between the equivalent stress and incremental
plastic str in is the area beneath the plastic stress strain
curve or the plastic work ?/p. Thus:
4w
?
= 5 Jf (29)
Incremental Stress Strain Relations for Isotropic Ms terial
Substitution of the yield function (f) into the
strain hardening flow rule results in the plastic
incremental stress strain relations for a strain harden-









d ^ = 2 ^"5
3 . di p
«^i - Z St a
dt2;c — ^ '» a
Incremental Stress Strain Relations for Orthotropic Material
By introducing parameters of anisotropy (Aij) as
coefficients of the various terms of the yield criterion,
the anisotropic plastic stress strain relations i y be




<*& = I Ass ^ 3 ^1
P
d4i = I A 66 fcd
-p
The Aij are material dependant and may be obtained from
tensile tests and she~r tests.
If the analysis is reduced to pi =ine strrss condition
which is usually assumed in plate bending then the only
non zero Aij are An, A]_p, A22, A44 since <^ y = £iX = cr? = O
is then assumed. These Aij can then he obtained through
3 tensile and one shc 3.r test.





\ Oy y,CI-0 /
V2
(33)
A • / O>ic-o \
?i

A lt = 1 + 2. A zz + 3 A 4* -
, _
2
f Z CT ye-o \
For a strain hardening m iterial these parameters vd.ll
change as V , °" yield, £• yield vary.
As has been previously indicated in order to solve
the plastic behavior of plate bending numerical methods
are required. There are two basic methods for incremental
elasto-plastic analysis. In the cp.se of simple tension
they are described as:
(1) Initial stiffness where the predicted strain
AU/L for given AP/A is found by using the elastic modulus
E but varying the initial load APo/A to approach final
agreement with the stress strain curve (point 3 Pig. 4)
AP + APo = r- AU (34)
A L_
(2) Tangent stiffness where the tangent modulus Et
is found and improved upon at each iteration to yield the
strain AU/L that will agree with the stress strain curve
for a given loading AP/A.






Increment-?.] Elasto-P] &tic Analysis Method: Sj ] Tension
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Whang (29) has used these two methods in constructing
a finite element iterative technique which solves for
the stresses, strains, moments and displacement of the
plate surface. The output of the program using the initial
stiffness approach, ~ rill be compared to experiment al results
34

A. PI Q t ^ B^y. r] i -n -t
Three sets of ferro-cement plate specimens were
tested incorporating continuoiE wire mesh reinforcement
(series A), discontinuous short random fiber reinforcement
(scries 0), and a combination of th^se in equal proportions
(series B) . Table I shows the specifications for each
set of plates. All plates v/ere square, 10" on an ed~e
and .5 — .03 :l thick. The method of lay up was the sar.e
for all plates. The fibers v/ere added to the mortar as
it was being wet mixed in the mixer. The mesh reinforce-
ment W9 s laid into the form after a thin layer of mort
had been placed. Then mortar was placed upon the mesh.
All specimens were vibrated in the moles 15-30 seconds.
Light specimens were made with each batch of mortar.
total of sixteen specimens of each plate type were made.
The forms for initial lay up consisted of a formica back-
board and 1/2" wooden boundry strips. The forms were oil
prior to each use. All plate specimens were cured under
water.
The testing program was designed to compare the 1
deflection curve of the center point of the various plate
types when loaded with a concentrated load at the cent- .
Each plate was simply supported on the edges by a ri :id




Pi a t e Rein fo r c era ent
Serj.es Typ e 2_
Cement Aggre-
li* ^rrya g?.te >V/J C/S


































All plate specimens were cured for 109 days nnd all cylinder
specimens were cured for 63 days.
** I7ire mesh UTS = 42,300 psi
* Wire fiber UTS = 140,000 |




The plates were loaded until ultimate failure of the wire
or wire/mortar "bond occured. The deflection of other
points on the plate surface was measured at trie point
of ultimate bending failure in order to obtain the relative
curvature of the plate surface. The center point load
deflection curve is compared with the results of the
finite element numerical analysis in the following section.
r-sB. Material Properti
For prediction of the plate bending behavior it is
necessary to obtain certain properties of the material
to use as input to the computer analysis. For this purpose
three of the plates in each series were cut with a diamond
tipped saw into 1" wide strips. These strips were tested
in flexure, tension and shear on the Instron universal
testing machine at a deflection rate of ,05"/min. The
following properties of each series were obtained in the
x, y, and 45° directions:
Tensile yield stress &y
Flexural yield stress a^
Youngs modulus E
Plastic Modulus Kp
Shear yield stress fc-y
Poissons r tio (^ ) was assumed to be that of cement mor!.
reported in the literati-* (v = 0.?). The shear modulus
(G) was assumed to obey the rela lion:
37



















& = W^T <56)
The flexure test was conducted on the Instron test!
machine and employed 4 point bending of the specimens as
shorn in figure 6. The flexural yield stress was
calculated by:
09 = a. fy h
A-X (37)
where: a - distance between outer and inner supports,
1-- ^^
3
Py - lo-°d at yield
h = specimen thickness
b = specimen width
The yield point was taken as the first narked deviation
from linearity on the load deflection curve, (figure 24)
The Young's modulus was calculated from the end defletion
formula for 4 point bending:
E - Pa
2 (£a + 3*) (33)
6 16
where: 1 = distance between inner supports
S = deflection at end (out' r) load point
The plastic modulus was calculated usin°; the s 1
but inserting the change in d< n ction for cor ling
39

change in Icrd after yield up to ultimate stress. This
assumes constant moment of inertia (I) in the plastic
region which causes this to "be an approximation at best.
The tensile tests were also conducted using the
Instron testing machine (fig. 7). The test specimens were
prepared for the testing machine grips by expoxy bonding
(Hysol-IC) 2" lengths of thin steel shim stock (1/64
"
thickness) to the sample in the area of the grip contact.
Tensile yield stress was calculated by:
<5 = A" (39)
where the yield point is again taken ns the first marked
deviation from linearity on the load strain curve. The
Young's nodulus was obtained by using the strain output
from en extensiomfter attached to the specimen (figure 7):
E = -5S_ (40)
where: (j - extensiometer strain
The plastic modulus was obtained by using incremental
values of stress and strain ^bove the yield point alo
the line connecting the yield stress and ultimate stress.
The shear tests were also conducted using the Instron
testing machine. The shear sampli s loaded as sho














are? s are damped
su^norts




and bending forces to enter the results. Shesr yield stress
was calculated as:
•7 2bh (41)^ =
where: b = thiclniess of specimen
h = height of specimen
The yield point in the above tests was easy to determine
because in all cases there was an abrupt change in the
slope of the lo~d deflection curve -Then the first slip
of reinforcement and microcr-chir.g of matrix occured.
Compressive tests were performed on unreinforced 2nd
reinforced cement mortar cylinders to determine the
variation of compressive yield strength and the co~press-
ive Young's modulus for various volume fractions of short
random fiber reinforcement. The compressive modulus for
mesh reinforced mortar was not obtained. The effect of
the mesh on mortar compressive strength h"s b^en found
to be negligible (25) ":h^n loaded in the pl-;ne of the mesh
reinforcement. The Young's modulus in compression end ten-
sion were compared for the short random fiber reinforcement.
The test was conducted according to ASTI.I CJ— 469— ^5 for
determinotion of Young's modulus of concrete, except tl
smaller size cylinders (2" x 4") were used. The yield
point in these- tests was taken at . ~02 offset strain
the Young's modulus was calculated on the 1 F the
42







Table II summarizes the significant experimental
results contained in Appendix I. Figures 9 through 21
show graphically the trends in material properties and
plate bending data for the various material types.
Again it is emphasized that these properties are equivalent
properties which apply to the "behavior of the composite
material. In general, the results indicate that inclusion
of short random fiber reinforcement in cement mortar:
a) Increases the modulus of elasticity.
b) Increases the ultimate compressive strrss.
c) Increases the plastic work under the
stress strain curve.
The inclusion of short random fibers with correspond-
ing reduction in continuous fiber content in mortar
reinforced with continuous fibers causes:
a) An increase of the modulus of elasticity.
b) A decrease in ultimate tensile stress.
c) A decrease in tensile yield stress,
d) An increase in impact energy/s
I
e) An increase in the above properties on
an axis 45° to x or y
f) Little variation of the plastic nodulu .
g) Little variation of shear yielc" strei .




sur: :.a o? „x: j ;_i: . :al i: .jults
A. Material Properties
Direcit Tensi on Test
x,_ v
.
IH T*ec1;ion 450 to " -r
-' k *- —
B
Di rection
Serirs i B G A G
(psi) °^ 830 603 530 503 594 ?30
(psi x 10 6 ) E 2.91 5.5 3.77 3.63 3.55 3.77
(psi) <X 1460 1011 721 1003 701 721
(psi x 106 ) Ep .52 .501 .449 .27 6 .47 .449
Flexure Tes ts
X v Direction 45° to X. v I)ireoti on
Series A 3 G B
(psi) CT^ 2690 1460 1560 1070 1555 1560
(psi x 106) E 1.39 1.22 1 . 43 1.73 1.19 1.43
(psi) CTI* 4340 3090 2510 2730 2460 2510
(psi x 10 6 ) Ed .104 .193 .594 .448 .362 .594
Shop.r T ost Iirvnpct T^st
Unreinforced Mortar
0u"be OoTTiDressioTi Test
Seri ps ^m (ns ft-lb/in* <TC ( n si )
A 1093 90.5 3623
B 1040 109.5 8000




-} y, r- r r CoTP.'OI'rs?ivr Tests
Series /aRaiidoK -^iber
Contort
O^ Cpsi) h (secant .002 .offset)
I .0 7060 3.2
II 4.75 5775 3.33
III 2.375 8060 3.35








A 533 1725 .428 1.0
B 316 1150 .472 1.33
780 - .455 1.198
(ETB? Equivalent thickness ratio b~sed on series A)
Normal i z
e
d Pl^.te S\irfrce Deflection At Ultin~te Sending Lqp:
st pt"i on -"I on" %- g
series Center 2_ "5 _4 5_ Efl^e
A .0805 .0604 .0473 ."1277 .0109
B .146 .0913 .0732 .0535 .0225
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short random fibers in lieu of continuous '/ire reinforce-
ment causes:
a) An increase in ultimate plate bending
load.
b) A decrease in ultimate plate membrane
load after ultimate bending stress.
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A. r.f g teri"-l Pr-a ^ertie-s in
,
x f y Dj rc-c ti ?ra
1 . Tensile Strength
It is expected from the theorj of fiberous composites
(34) that the strength of the specimens will he ' j jhly
dependent upon the shear bond between fiber and matrix
since the cement mortar matrix in this material does not
deform plastically to any appreciable extent. The theories
which have "been developed for both continuous and discontin-
uous fiber reinforced composites -rhe^e the matrix is
capable of plastic flov,-, do not apply in the case of ferro-
cement. However Kelly and Davies (34) have advanced a theory
for determining the critical transfer length of a d-» scon-
•Hminns fiber in a purely elastic matrix, based on th<=>
coefficient of friction betv/em fiber snd matrix:
L <% t *
d 2// a-u \ d
(42)
where: °f = UTS of fiber
CC = UT3 of matrix
V = Spacing between fibers
<j = Diameter of fiber
% = Length of fiber
Aj - Coefficient of friction bel eev. fiber \ 1 trix
49

At fiber lengths below 1c the strength of the- composite is
dependent upon the shear "bond of the fiber matrix inter-
face and c?=n "be given as:
c£ -^(l-^+a^o&i
vfc (43)
where: Vc = Volume fraction of fibers
tfhen ^ ^ j£c the strength of the composite is dependent
upon the shear strength of the matrix. This can be give::
as:
(44)
where: £ = Ultimate shear strength of matrix
In the case of continuous fiber oriented in the
direction of loading in a nonstr-o in-hardening elastic
matrix the strength of the composite is given by:
<r
c = q^Vf +0,(1 _Vf )
(45)
where the second term may or m°y not exist depending on
whether the matrix is capable of can Lng som€ stress
( <=ri-\ ) at thr strain where the fibers reach their
UTS ( cr-f ). In raost c ses with continuous fiber rein-
forced ferro-cement the second tern is zero i the F
reach °I . Using this interpretation of bove i : J on
50

the ultimate tensile strength of the mesh reinforced
specimens (series A) should be on the order of:
c£ = 4Z,3oo(.o475) = 2010 P *; (45)
The experimental value is 1460 psi. This is lower then
the predicted value because not all of the volume of
steel is acting in the direction of loading as assumd in
the theoretical predition. The theoretical value of
ultimate stress considering only the fibers oriented in
the direction of load (2.37.-0 is 1005 psi. This value is
belov/ that determined experimentally and indicates that
the non oriented fibers contribute parti -illy to resisbi
load.
Theoretically the strength cf the discontinuous
fiber specimrns (series 0) must be less than that of con-
tinuous fiber reinforced specimens (series A) (34). In
the case of the specimens tested in this thesis the ] n
diameter ratio of the snort random fibers is less t:r n the
critical value (as shovm belo ) and thus the strength
depends upon the shear bond strength. Assuming a nominal







where the value of ^j has been taken from (35) and where:
•
> - j^r - -yo; (10)
This high
-^j would cause random fibers to he very difficult
to work with and it would probably be more advantageous
to use continuous mesh fibers. Clearly the yj for fiber
reinforced mortar in this p^ner is much less than the
critical *V, :%
2 = 47 < 790
However, based on this ^ the strength of the composite,
if all fibers were oriented in the same direction,would
be on the order:
o^ = 5S0t*ISZS)+ 2(1.02) S50 ( 7S) .0475 (43)
.toi
= ^20 ps'.
The experimental value is 721 psi. The actual strength
of the mortar could vary from that assumed and thus change
this value. It is apparent that random orientation of
the fibers has reduced the strength below th n t predicted
for oriented fibers. Nielson and Chen (22) have developed
theoretical relations for the variation of properties in
fiber reinforced composites ; parallel and randomly
oriented fibers. For the case discussed here these relations
(based on the volume fraction of fib< (4.75) P.nd the
5?

ratio of the elastic modulus of the fiber end m trix
Katerial (10)) predict that:
^random = • 7<' 5 «* parallel » y3Z
^''
which is qiite close to the experimental value.
The modulus of rupture in flexure follows the above
trend. Plots of tensile and flexure results are shown
in figures 9 through 12. Examination of these results
reveals that in all cases UTS is affected to a greater
extent by the difference in reinforcement type while the
yield stress decreases at a lesser rate with the shift
to discontinuous fiber reinforcement.
2. Modulus of Ela sticity
The modulus of elasticity increases with discontinuous
fiber reinforcement. This is borne out in the cylinder
compression tests ?nd tension tests. The result is more
apparent in the direct tension test than in the flexure
tension tests. Since the modulus is measured directly in
the direct tension test this value is to be preferred
over that of the flexure specimens. The reduced flexur
data is very dependent on the location of the ncutr- 1 axis
which was approximated in the test results as h/2. This
could vary significantly depending on the location of t
concentration of reinforcement, i'or this reason direct
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Because the matrix does not deform plastically th€
stages of stress strain behavior of the composite reduces
to:
1) elastic deformation of fiber and matrix
2] elastic deformation of fiber or pull out shear
3) plastic deformation of fiber or pull out shear
^or continuous fiber reinforced composites the modulus








and for the second and third stages:
Ec = E f Vf
(47)
where Ef can be either the elastic or plastic modulus (for
steel: E = 30 x 10 6 , ^p = 10 x 10
5 ). The above formulae
predict modululi as follows (using a modulus of 3.2 x 10°
for the mortar) for parallel and randomly oriented fibers





Kc: Pa,rail el Ori ented ^c: Randoml y Ori ented
4.46 2 10 6 psi
1.425 X 10 6
.466 X 10 5
3.56 X io b psi
1.14 X 10°
.355 X 10 6
The modulus obtained in the tensile tests more cloa
agrees with stage 1. The modulus obi. I in the
53

test agrees with stage 2, and the plastic modulus found
in both tests essentially agree with stage 3. The str-
strain behavior for both continuous and discontinuous fit
reinforced composite is the same if the discontinuous fibers
are longer than the critical length (34). It has been
established that the random fibers of series B and C are
shorter than the critical length yet the elastic modulus
determined experimentally follows the continuous fiber
relationship. Series C tests agree more closely than the
other series with the above values. It can be hypothesized
that earlier microcracking and undetectable stress relief
in the unrein forced portion of the series A matrix causes
an earlier transfer of load onto the continuous fibers
thus presenting a slope somehwere between stage 1 and
stage 2 which locks linear on the load deflection plot of
test results.
The plastic modulus remains fairly constant for all
forms of reinforcement. The low value for series A and B
*
flexure tests is probably due to a sudden shift in the
neutral axis and change in moment of inertia when the
reinforcement assumes the load. As stated earlier this
would cause the flexure formula to yield inaccurate results.
B. ftlat.Prinl Pro nerti pr A5Q to x f y Axi a
It was expected that the properties of all
in the 45° direction to the x or y axis i] 1 be i :ed
with increased fiber content bee is< of the r i orient-
59

ation of the fibers (22). Regarding the elastic modulus
and UTS the 45° specimens (fig. 10, 12) follow the results
of the x, y specimens. In the tensile specimens (fig, 10),
increased random floor content and reduction of continuous
reinforcement increases the elastic modulus and decreas
the UTS, but the effect is less pronounced than in the
x, y specimens. In the flexure specimens (fig. 12) the
elastic modulus decreases then increases and the UTS decreases
with increased random fiber content. The expected result
does occur with the yield strength and the plastic modulus
except that yield strength in the tensile specimens
decreases slightly.
C • Qthrr Properties
1 . Sh^ar Strength
The shear strength obtained from the bending of a
clamprd beam is not a standard method of obtaining this
quantity. However other tests such as the rotation between
cylinder ends are not feasible when square mesh reinforcing
is used. The failure mode of the clamped be- lefinitely
in shear, therefore the values obtained are used for
purposes of the finite element analysis. These values
however should not be interpreted as accurate v ] a of
shear stress for the material in general. Pj rure 13 shows
shear strength decreasing as discontinuous fiber content
increases and continuous fiber content decreases.
could be expected since th< tensile yield str
60

less for these specimens. However, substantial plastic
shear work is done after yield in the specimens reinforced
with random discontinuous fibers. Once the yield poii
in shear is reached in the mesh reinforced specimens abru] t
unloading occurs. With the random fiber reinforced
specimens the unloading occurs gradually after a period
of continued deformation at the yield shear load. This
result is also sho n by cylinder compression tests. It is
believed that this is the mechanism which c r uses the increased
impact energy of the random fiber specimens (also plotted
in figure 13) because the strain energy to be overcome
by impulsive loading is greater. This strain energy was
not measured since this was not the purpose of the paper.
2 . I m-pa ct Ene rgy
Figure 13 shows the increased impact energy per unit
area for increased random discontinuous fiber content.
These results were obtained in a standard Charpy test
on a 260 ft-lb capacity Izod test machine. The potential
energy and height of pendulum was the same for all tests.
An increase of 103,^ in impact energy/unit ', r< was obtained.
All samples had the same steel content by weight and volir .
As mentioned previously the increased strain energy noted
in the shear and compressive cylinder tests accounts for











































D. Cylinder Cor^rrsnion Tr>str, (fig. 14)
Thr: cylinder compression teste show a narked increase
in ultimate compression strength and modulus of elasticity
with inclusion of fibers. An increase of 19.7 ^ in the
modulus of elasticity and an increase of 24. 3> in the
ultimate compression strength is obtained for inclusion
of 4.75,3 (by volume) random fiber reinforcement. The
mode of failure is quite different between the unreinforced
cylinders and those containing random fibers (fi.2p.ire 22).
V/hereas the unreinforced cylinders failed abruptly with
immediate relaxation of the lo^d, the fiber reinforced
cylinders after reaching the failure load maintained this
load for an additional .004 strain (or .012" of deformation)
before gradually relaxing the load under increased defor-
mation. The failure mechanisms for the 4. 15. } fiber
reinforced cylinders was the formation of an upset (bulge)
around the middle. The 2.37^ fiber reinforced cylinders
failed partially by splitting and partially by upset.
The fibers in the case of impact and compression -
evidently not being subjected to shear along the bond
interface as in the tension tests, but are being subjectr
to stresses normal to the fiber matrix interf ! . The
fibers are attempting to hold the matrix tog< in a
direction normal to thr fiber axis, r.-. they act to prevent
the splitting action which is the failur the
unreinforced mortar cylinder .
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The secant modulus for the 4.75$ fiber reinforced
specimens does not agree exactly with that found with t
direct tension tests for the same material. This is to
"be expected "because of the difference in the methods of
obtaining the respective yield poi: ts. The ii portant
finding is that in both cases the modulus of elasticity
is increased over that of the mortar (in tension by 17.9 J
and in the compression by 19.7) by the inclusion of randor.
fibers which have an JP/j far less than the theoretical
critical ^y. required for enhancement of properties of
the composite.
These results also agree in principle with the theory
of Romu.aldi regarding the mechanism for enhancing fracture
toughness.
E. Pl^e^Bejlding
The failure mode of each plate sr-ries was local at
the area of load application. The mesh reinforced speci-
mens deformed in a mound much as a steel plate would deform.
The random ^iber plates deformed in a tent shape along loc n l
yield lines (fig. 21, 23). Due to the form of lo
punching effect occured at the surface where the lo-d was
applied. This manifested itself as a crushing of tl
out to a .45" radius and to a mean depth of ,058",
crushing -etion commenced upon application of the lo
Del ami nation of the surface mortar down to this depth occured
when ultimate plate bending was reachi '. indicates
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ths.t this portion of the pi -te did not contribute to th<
resistance of load during plate bending. Typical failed
specimens are shown in figure 23.
Figure 16 shows the plot of load-deflection for each
plate series normalized on the b^si' of the cube of
equivalent thickness ratio. This figure indicates that
the random fiber reinforcement increases ultimate bending
load and deflection. The combination of random fiber and
continuous fiber reinforcement in equal proportions yields
an even greater increase in bending ultimate strength and
deflection as -jell as allowing for some resistance to
membrane stress after ultimate bending failure (fig. 17).
V/ith the proper combination of random fibers ^.nd continuous
mesh a design point can be reached a-hich -.Till yield the
optimum in either ultimate bending strength or membrane
effect after bending failure.
The prediction of the membrane effect was not attempted
in the finite element ^.n^iysis. *Yom figure 17 however, it
is clearly a function of the amount of continuous fiber
reinforcement in the material. The slope of the curves in the
membrane region ire: 315.
Series A = .? = 1575 lb/in
155.
Series 3 = .2 =775 lb/in
This ia a 2:1 relation within experimental erro a The amo" '.
of mesh reinforcement in the two scries is also in. a 2i1
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engineer wishes to design for a specified membrane
ultimate load 2 direct relation is indicated.
Returning to figure 16, the properties determined in
the first part are consistent with the results. Better
properties in the 45° direction and a higher modulus
obtained with random fibers increases the area -oncer tl
load deflection curve. The lovrer yield strength of
series (random fiber) is of r?rt by these improvements.
Series B shows that an optimum combination of random fibers
and continuous mesh that possesses higher ultimate bending
load and str -.in energy than either the individual mesh or
randon fiber reinforced materials is possible.
F. Fj ni to Si
e
p ent An ^ 1v r, j
s
Figures 18, 19 and 20 shov; the comparison of experimen-
tal center point load-deflection to the output of the finite
element orthotroaic plate bending computer pro ;t m developed
by 3. SThang (29). Appendix II contains the significant
input and output data from the program. The thickness of
the plates were reduced by the --mount of .05 pj" to accou
for the non-contributory plate thickness due to del Lnation
of a protion of the surface mortar. This value of the
thickness of the delaminated protion was determined us'
a depth micrometer.
Agreement is very good b I Heted and
experimental load di f] >tion curv< for scries B. ds






























































input of experimental data to predict the behavior of
ferro- cement plates well into the plastic bending regie .
The condition of loading in this case causes the additional
variable of delamination of surface unreinforced moi
It would be expected that under a uniform plate loading
good results would also be obtained without the delamination
problem. Agreement is fair for series C and series --. 'he
program predictes greater deflections for the mesh reinforced
series (maximum error 19.3/ J ) and. smaller deflections for
the short random fiber reinforced series (maximum error -17.
from those obtained experimentally. This disparity could
be due to variation of the thickness of the del-
portion of the plates between series, thus changing the value
of the actual contributory plate thickness. The value .053
represents an average over all the plates for the depth of
crushing at the load point. The series A prediction indie
a tendency to agree closely with the experimental data as
it progresses up the load deflection curve whereas the seri<
C prediction diverges with increasing load. It would a]
th^t the program would diverge from experimental results .
ultimate plate bending load is approached.
The finite element " "' sis used here is very sensitive
to the incremental increase in lo.°d for each i J on in
th< plastic ringe. Incremental loads 1< bhan 20 lb at
each element sh '' I be used in order to p\ ro'<d divi -."ice
by th< prograi . Thi capable of aec<

for any rectangular geometry and loading condition and
provides for element thickness variation and curvature.
It has been recently modified by Whang to accept 1 lyered
material properties so that treatment of a composite
using the individual material properties is now possible.
The yield load and maximum load deflection curve
predicted by homogeneous isotropic plate theory for the
elastic range is computed for each series in Appendix III.
These values are plotted in figures 13, 13 and 20 to sh
the variation from homogeneous isotropic plate theory of
the finite element plot and the experimental results.
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Based on the experimental results and their broad
agreement with theoretical predictions the followii
conclusions regarding the engineering properties of
ferro-cement may be made:
a) Short random fibers with 1< 1c enchance compressive
strength and modulus of elasticity of cement mortar.
b) Replacement of continuous fiber reinforcement with
short random fibers increases the elastic modulus
but decreases the ultimate ield tensile
stresses of ferro-cement.
c) Random fibers with l^lc enhance the modulus of
elasticity and yield stress in the axis 45° to
the x, y axis in mesh reinforced mortar.
d) Random fibers with 1 < 1c increase the plastic
work of deformation in shear and compression tests.
e) Impact energy/area is greatly enhanced over t :
of mesh reinforced mortar of the same s • 1 con-
tent by inclusion of short random fibers.
Bending o~r ferro-ccment plates for th particul*
loading condition used in this thesis may be c^
icted by the finite e] it analysis devel
for ortho tropic plates providing the correct properties of
the particular type of ferro-cement rre u , In r n
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the replacement of continuous mesh reinforcement with
short random fibers in ferro-cem« tit plates results in:
a) Increased ultim t€ p3 ; e bending lo^'.
b) Decreased ultimate plate membrane load.
c) Increase in plastic work done in deforming the
plate.
The slope of the membrane load deflection curve for a
ferro-cer.cnt plate varies directly as th r percent content
by weight of continuous wire reinforcement for the part-




Tho following areas need further clarification:
a) Deformation of ferro-cemerrt plates undei
uniform loading.
b) The mechanism of fracture v/hen continuous mesh
is used as reinforcement since the measured
modulus of elasticity did not agree with that
of theory.
c) The mechanism of plate work in the deformation of
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r;X nr- riTir n t'0. ->^nts: A-3nrirs (42 mil steel mesh j : • •
Tensile Tests
x, y Direction




























































1052 2.92 1510 .414
370 2.13 1545 .345
954 3.17 1540 .5 i
380 2.93 1394 .321
1095 3.04 1440 .123
435 3.03 1550 .435
795 3.06 1405 .503
510 3.0 1300 .-
4^0 to X, v Di-cection




































666 4.16 . 73
450 3.34 1040 .4
671 5.6 936 .?
623 3.11 1055 .237


































.04 930 1.92 2675 .65
.07 1090 1.31 2905 .333
.07 1125 1.65 2965 .4
.06 1135 1.56 2585 .330
x f V Di recti on
Average 107C
•





























50 1.07 4700 .095
.0 1.79 3740 .0
)0 1.37 6240 .151




Spccinrp h. jb Pv
__^ j£_
A-l .96 .47 1075 1144
A-2 .98 .47 1015 1102
A-3 .94 .44 1050 1270












Impact Energy/Area = 90.5 ft-lb/in
Cu"be Compressive Tests (Unreinforced mort r)





Plate 'Brna±-n^ Tests (Thickness = .436)
Deflection Surface at Ultimate Bending Load
Station •
Sr>ec 1 2 3 A
.._!
A-l .0315 .06 .055 .03 .01
a-2 .033 .075 .07 .04 .01
A-3 .035 .05 .045 .035 .03
A-4 .036 .05 .03 .03 .01
a-5 .075 .06 .055 .035 .015
A-6 .033 .09 .065 .035 .01
A-7 .092 .03 .02
A-3 .016 .03 .06 .02 .015
A-
9
.072 .07 .04 .03
A-10 .08 .04 .03 .01 .01
A-l! .072 .06 _ .OS .04 .
Av. .0805 .0604 .<) . 77 .0109
39

Ccntc r Po in
t
Deflccti on Vs. Lc 6
Load
Spsc "100 ISO 200 v>00 A00 533 300 1000 172S
A-l .01 .0145 .02 .0325 .044 .0 :;15 . 75 . ;39
A- 2 .006 .01
A
.013 .025 .04 .o- .39 .535 . G
'
A-3 .005 .003 .014 .021 .035 .035 .256 .366 . 34
A-4 .006 .01 .012 .023 .041 .036 .22 .34 .934
A-
5
.005 .008 .014 .03 .054 .075 .288 .418 .' '
A-
6
.007 .011 .01 .018 .030 .033 .368 .502 .976
A-7 .004 .006 .012 .013 .023 .092 .21 .32 .72
A-
8
.005 .003 .012 .024 .044 .066 .193 .32 .712
A-9 .005 .003 .016 .031 .043 .072 .304 . '24 . 314
A-10 .003 .012 .012 .023 .04 .03 .266 .396 1.026
A-ll .004.
.
.007 _ — _ .072
..-,.334 .4.34 -9
Aver. .0066 .00968 .0135 .02505 .0404 .0305 .29 .417 .374
Note:
a) All units ; in inch , r 0, T301mds and psi except whei*e noted •
b) Values of E and G- are X 106.

rjjix IB
ExnTi ren tal Hesnlts; L'-oe-'- (Combination 42 mil steel mesh and
17 mil steel fiber reinforced specimens)
Tensile Tests
x, y Direction
Spec A P„ Pvj £_ii §?u 1^ K_ °^ I>n
B-l .465 315 490 .00013 .00034 675 3.75 1050 756
B-2 .43 237 475 .00010 .00224 593 3.15 990 .25
B-3 .465 270 450 .00016 .00103 573 3.61 965 .42
B-4
.44 255 450 .00016 .00060 530 3.63 1020 1.0
B- 5 .^6 1 230 47 5 .00013 .00176 6n q ?>.36 10y .267
Average 603 3
.5^ 1011 .50)
x 10 r-> x 10°
45° to x, v direction
B-l .434 170 350 .0001 .00063 352 3.52 724 .642
B-2
.442 310 310 .0002 - 703 3.52 703
B-3
.455 230 310 .00013 .0004 615 3.41 632 .27
B-4
.46 310 320 .00013 .00022 675 3.77 695 .5
B-5 .473 ?Q5
_^ n_ z^ 617 -
*vcr- ;c ^4,__3^.5_5 7_Q_1 12
x 10^ x 106
Flexure Tests
x, y Birecttion
3d re b h Pv P^ s» ft, C H E <=%. E«
B-l 1.0 .475 75 l v>5 .015 .115 1620 1.32 10 .157
B-2 1.09 .51 - 165 - .025 - - 2340 -
B-3
.9 .49 65 142 .0125 .062 1465 1.39 3200 .413
B-4
.97 .52 100 175 .0175 .197 1355 1.19 3250 .093
3-5 1.04 .52 75 187 -.0125 .2 1300 1.16 3250 .12
B-6 1.07 .57 95 205 .0»12 .074 1325 1.21 2375 .222
B-7 .91 .57 30 162 .0125 .117 1315 1.08 2670 .132
B-8 -97 .53
._





Aver: >2 3 .
Ji'
x 10 X 106
450 to x. v Direction
B-l .9 .53 75 107 .017 5 . '725 1450 . 2060 .
B-2
.98 .53 75 135 .01 5 .05 1 "t .165 .
B-3
.9 .53 7 5 130 . i .0
' 1450 1.59 2500










Specimen b h I (ft-:Lb) A
B-l
.59 .96 74 .566
B-2
.53 .93 69 .567
B-3
.53 1.01 64 .586
B-A
.53 1.0 44 .53
B-5
.55 .94 49 .513
B-5
.54 .93 46 .502
B-7
.53 1.0 53 .53
B-3 .5? .Q8 72 .51
Average 53.9 .533
Impact Energy/ '^ren 109.5 ft-lb/in^





Plate Bending Tests (Thickness - .53")
Deflection Surface at Ultim; te Bending Load
Station
Speci m r >• i p 7jl .. A . 5...
3-1
.123 .')'! .06 .03 . 1]
B-2 .037 .07 .05 .03?5 .
B-3 .0335 .035 .07 .05?5 .
B-4 .1105 .035 .065 .035 .015
B-5 .125 . 07 5 .055 .04 .01
B-6 .134
.157
.07 . .05 .025
B-7 .09 .06 .0/ .03
B-3
.131 .03 . r^. .035 .01
B-9
.095 .07 .05 .025 .
B-10 .10]
. .04 .03 5 .0?
B-ll .03? .055 .04 .03 .03







Average .11 .0', . .
9?

Centrr Point Deflection Vs. Load
Lo^d
3p.££_ 100 150 200 300 A00 _ 5' 600 816
B-l .005 .007 .^09 .015 .025 .036 .0 .123
B-2 .004 .003 .01 .015 .025 .034 .049 .037
B-3 .005 .003 .009 .0135 .0235 .0295
.
-65 .0
B-4 .005 .007 .009 .0125 .0135 .0225 .0305 .1105
B-5 .005 .003 .012 .016 .027 .035 .0 61 .125
B-6 .005 .007 .01 .013 .019 .023 .034 .134
B-7 .006 .009 .012 .016 .029 .037 .069 .157
B-3 .006 .01 .014 .019 .033 .044 .071 .131
B-9 .0055 .003 .011 .016 .03 .035 .049 .095
B-10 .006 .01 .016 .02 .023 .036 .050 .104
B-ll .005 .003 .012 .016 .023 .029 .0 .032
B-12 .006 .003 .012 .016 .024 .032 .054 .103
B-13 .00 5 .QD3 ,nn .015 .021 ^025 .OTS ^O?^
^ver. .00522
Load
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3xLe_C k h Ea JE« <£ ^ ^ E cK E-n
C-1 .44 .95 245 300 .00014 .00042 536 4.13
C-2
.43 .93 190 247 .00012 .0006 475 3.95
C-3
.43 .95 235 295 .00015 .00106 575 3.33
C-4 .42 .94 210 295 .00016 .00040 533 3.32
C-5
.44 .94 260 300 .00016 .00035 629 3.93
C-6 .43 .95 200 335 .00016 .00136 491 3.07
C-7 .43 .00 160 215 .00010 .00^4 41
A
A.iA .LI
























































Average 1560 1 . A 7)
. 2510 .5Q4 .
x 106 x 10 b
Shear Tests




















S-proi npri. h h
_
(ft-lb )
C-1 «53 .91 .432
C-2 .56 1.0 82 .56
C-3 .53 1.0 114 .55
C-4 .47 1.0 93 .47
C-5 .44 1.0 93 .44
C-6 .47 .97 90 .455
0=2 .4.7 .87 3_1 AOfi
Average 92.5 .478
Impact Energv/Area = 193 ft-lt>/in2









Plate Bending T'est^ (Thickness - .^13)
Deflection Surface at Ultimate Bonding Lond
Station
Specimen 1 2 3
.. A __ .. 5
C-1 .034 .07 .06 .05 .03
C-2 .096 .09 .08 .06 .03
C-3 .095 .07 .04 .03 .01
C-4 .105 .07 .05 .03 .02
C-5 .1 .07 .06 .03 .01
C-6 .094 ,05 .05 .03 .015
C-7 .093 ,07 .05 .04 .01
C-8 .112 .0 .05 .035 .03
C-9 .11 .07 r; .045 .03 .025
C-10 .12 .11 .03 .045 .03
C-ll .123 .075 . ) .04 .03
C-12 .12 ^01 _J11 .02
Average .105 .0741 .0562 .0375 .02H





Spec 100 1 SO 200 300 ,„40_Q 6oo 11
C-l .004 .003 .01 .018 .03 .0 .0
C-2 .006 .01 .014 .022 .054 .056 .096
0-3 .005 .00 3 .01 .016 .025 .041 .095
C-4 .005 .009 .013 .019 .029 .047 .105
C-5 .006 .003 .012 .013 .032 .054 .1
C-6 .006 .01 .014 . n 2 .032 .05 .094
C-7 .006 .003 .011 .017 .023 .054 .098
C-8 .005 .01 .013 .022 .036 .066 .112
C-9 .003 .012 .013 .028 .041 .07 .11
C-10 .003 .012 .016 .023 - - .12
C-ll .003 .011 .015 .024 .04 .066 .128
C-l 2 .006 .01 .012 .02_ t Q'5,5 .0^2 ."12




Cylinder Test Data (2" x 4" Mortar Reinforced i'ith 3/4" 16 mil
stcrl fibers)
I-3eries (Unreinforced Mortar) Area = 3.14 in.
2
Load
Sneci^rn 5000 10000 150^0 P00O0 Failure Lo~-*
1 .0035 .006 .0085 23,250
2 .0042 .0075 .015 20,650
3 .0025 .005 .008 .014 20,000
4 .0021 .0048 .0')'' .012 21,000
5 .002 .006 .007 .013 19,250
6 .0013 .004 .007 .011 21,000
7 .002 .0038 .006 .009 26,600
8 .002 .0039 .006 .0095 21,600




.....0038.. .0062 .ooqs 2 4. f 4-00
Average 6 .002 .0043 .00687 .0118 22,105
Lever factor 6 a i Def. reading C£ = 7060
2 C-.u. 6
Avers e stress strain curve L
Stress" 1500
"" '"" 3100
. . . A13.Q 6770
Strain .000333 .000716 .001145 .00197
.002 Offset Secant Elastic Modulus




II--Series ( Reinforcement 4.'75/o fiber by voluia Ar = 3.14 i
failure
Speci 5000 IQnOQ. ... 15000 ; 05000 Lo
1 .002 .0035 .007 .01
. 19 29 5
2 .0017 .004 .006 .01 .025 • 25400
3 .0013 .003 .005 .008 .015 27250
4 .0013 .003 .006 .01 .017 29 :
5 .00x5 .003 .005 .0075 .0105 27 600
6 .0019 .004 .0065 .010 .015 23600
7 •0015 .0025 .0044 .0065 .011 27400
8 .0015 .0037 .0065 .00105 .015 29200
9 .0015 .0034 .006 .010 .018 27100
10 .002 .004 .0065 .0090 .015 26200
11 .0016 .003 .0053 .003 .013 27100
12 .0017 .0032 .006 .009 .014 27000
13 .0015 .003 .0053 .0036 .013 27000
14 .0013 .0034 .0058 .003 .014 27500
15 .on? .004 .006 .000 .015 27100




Stress 1590 3190 4730 6370 7970 <£ - 0775
Secant elastic modulus to .002 offset
E = 3.33 x 106
Ill-Series (Reinforcement 2,37$ "by volume) Area - 3.14 in.
2
Load 'lure
Sprcir.cn _5000 10000 15000 20000 250 i
1 .003 .0053 .0032 .0112 .014 25500
2 .002 .004 .007 .01 .014 29000
3 .003 .0049 .0075 .01 .015 29000
4 .0021 .004 .0067 .0094 .014 26500
5 .0023 .0039 .0065 .009 .016 25400
6 .0023 .0051 .003 .01 .013 25000
7 .003 .0055 .009 .012 - 224
8 .0025 .00 54 .0036 .0125 .018 00
9 .0032 .0056 .0079 .011 - 24500
10 .0022 .0045 .0073 .011 - 24000
11 .0028 .0052 .009 .012 . 25600
12 .004 .0072 .01 .013 - 232
13 .003 .005 .003 .01 .0] 27050
14 .002 .0042 .0065 .0195 - '
15 .003 . . ^00 .on -
Avf 7" r '<~ 6 .0 ,27 ' . . JH07_5_ 1
6 .000 . L315 . 52
Stress 15 ] 4730 JO o; '




Finite Element Analysis: Significant Input - Output
Pinto Series A
Input
Ex = 2.91 x 10°
% = 2.91 x 106
G = 1.212 x 106*
v s #2
Epx =•• .520 x 10°
Lpy - .520 x 10 6





Thickness = .428 in.

































Ex = 3.5 x 106
% = 3.5 x 10°
G = 1.456 x 106
v «
.2
*kx ~ .501 x 10£ i
I^oy = .501 X 10^
i^4.5 = .470 x 10°
Gp =
crOA - .603 kips
ct^ = .603 kips
°^s =
. 594 kins
2-c = 1.040 kins
Thickness = .472 in. i












































i^ox = %y - %45 = .449 x 10 s
<£* * <3cv, = °H5 ~ .530 kips





























A • P III
Cl^s^ic^l iiomo ^eneouG Plate Bending Theory Prediction
A Seri es
,
E = 2.91 x 10 6 e = .45
^ = .330 kins c = a/2
h = .423 in. oC = .1255
*> = .2 ^= -.565
r from (32) p ]










E = 3.5 x 10 6 c = .45"
°^ = .603 kips c - a/2
h = .472" <*
-
.1265




py = 68.1 lt>
2.15 (4.18) -.045
WY = (68.1) (100) (.1265) = .00235J 3.5 x 10° (.105)
C o eric s..,
















- = 55 lb.
h (55) (100) (.1265) « .00196"
3.77 x 106 (.0942)
102
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